We used the repetitive character of transposable elements to isolate a non-LTR retrotransposon in Drosophila subobscuru. bilbo, as we have called it, has homology to TRIM and LOA elements. Sequence analysis showed a 5' untranslated region (UTR), an open reading frame (ORF) with no RNA-binding domains, a downstream ORF that had structural homology to that of the I factor, and, finally, a 3' UTR which ended in several 5-nt repeats. The results of our phylogenetic and structural analyses shed light on the evolution of Drosophila non-LTR retrotransposons and support the hypothesis that an ancestor of these elements was structurally complex.
Introduction
Most transposable elements (TEs) described so far in the genus Drosophila have been detected through their phenotypic effects (Fawcett et al. 1986; O'Hare et al. 1991) or through other indirect methods like searching for homologous elements in other species (Mizrokhi and Mazo 1990) . Almost all elements have been described in Drosophila melanogaster (Arkhipova, Lyubomirskaya, and Ilyin 1995) . These two aspects are likely to have produced a bias in the type of TE known in this genus. Thus, it is necessary to search for new TEs by using more direct methods and to describe them in other Drosophila species in order to understand their organization, evolution, and transposition mechanisms. One class of TEs is the superfamily non-LTR retrotransposons, long interspersed nuclear element (LINE)-like or poly(A) retrotransposons (see Eickbush [ 19921 and Arkhipova, Lyubomirskaya, and Ilyin [ 19951 for recent revisions).
There is not an established nomenclature for RNA-mediated transposons. Some authors use the term "retrotransposon"
for LTR-containing elements and "retroposon" for non-LTR elements. Other authors, as we do in this paper, use the term "retrotransposon" for all of them. Although we focus on Drosophila non-LTR retrotransposons, these elements are found in most eukaryotes. Most non-LTR elements are widely dispersed in their host genomes, but others are located in Drosophila telomeres (Pardue 1995) or in specific sites like the 28s rRNA gene (Xiong and Eickbush 1988; Jakubczak, Xiong and Eickbush 1990) . Some non-LTR elements have an internal promoter for RNA polymerase II, and a few of them have been shown to transpose via an intermediate RNA. Non-LTR retrotransposons typically have two translational open reading frames (ORFs) whose products resemble retroviral proteins. The protein encoded by the upstream ORF of many non-LTR elements (ORFl) has several copies of zinc-finger motifs, which have been also found in retroviral nucleocapsid proteins. 0RF2 has a region with homology to retroviral reverse transcriptases (RTs) (Xiong and Eickbush 1990), an RNA-dependent DNA polymerase whose activity has been shown. Other ORF2 domains are: a domain that is possibly related to proteases described in the LOA element (Felger and Hunt 1992) , an RNase H activity that has been postulated for only a few elements (McClure 1991) , and another zinc-finger motif that can be found in several Drosophila non-LTR retrotransposons at the end of ORF2. Recently, an endonuclease (EN) domain has been shown to be encoded by the human Ll element (LlHs) in the N-terminal region of ORF2; the EN domain is found in a diverse collection of non-LTR retrotransposons (Feng et al. 1996) . The R2 element of Bombyx mori, which encodes a sequence-specific endonuclease, lacks this EN domain. Non-LTR retrotransposons lack terminal repeats, but they usually have a polyadenine (poly(A)) tract, preceded in a few cases by a polyadenylation signal. One of the defining features of TEs is their repetitive character, and we can take advantage of this feature for the isolation of new elements (Felger and Hunt 1992; Ogura et al. 1994) . In this paper, we use this approach and describe a new family of non-LTR elements in Drosophila subobscura that we have termed bilbo (after the main character of Tolkien's The Hobbit [1937] ). Drosophila subobscura presents a high amount of inversion polymorphisms.
The involvement of TEs in causing specific chromosome rearrangements in D. melanogaster has been shown (Lyttle and Haymer 1992) , a fact we considered when we chose D. subobscura. Well-known transposable elements like the P element (Paricio et al. 1991) and gypsy (Alberola and de Frutos 1993) have been characterized in this species, and some others have been detected as well (de Frutos, Peterson, and Kidwell 1992) .
bilbo has sequence and structural similarity to other 536 and 6065 of DsD765. We found the sequence 5'-TTTCTATTTACG-3' two times in DsD765, at positions 524 and 6066. To test the hypothesis that these repeats were in fact the duplication of the target site sequence generated by a transposition event, we performed PCR using D. subobscura EU strain genomic DNA and oligonucleotides designed
The sequence of the insertion site of bilbol is probably a gene (which we have called genxDs, GenBank accession number U73802). Clone DsD765 contains 10 14 bp of this gene. The major putative ORF comprises 169 aa; it begins at position 507 and continues at the other side of bilbol, without interruption, to the end of the cloned fragment in DsD765. A CODONPREFER-ENCE analysis of genxDs showed a high probability of coding capacity for this ORF from its first codon for methionine (position 585 of the 1,014 bp of genxDs). The upstream sequence to this ORF shared the features of TATA-less promoters of Drosophila (Arkhipova 1995), with a possible RNA start site around positions 503-507, a few bases upstream of the target site of bilbol (position 524). This gene has not been previously described in the databases (GenBank, EMBL). In the 5' UTR of bilbol, there is no sequence homology to other promoters of Drosophila non-LTR elements. Next to this region, the bilbol-ORFl sequence had no homology to non-LTR retrotransposon ORFl or to currently available database sequences (BLASTX, GB release 96.00), but TESTCODE and CODONPRE-FERENCE programs indicate a high coding capacity. Although its nucleotide sequence was aligned to the anterior area of LOA-ORF2 in a FASTA search of the database, at the aa level, the percent identity is just 18.1% (for comparison, aa identity between bilbolORFl and LOA-ORFl is 17.0%). We have evidence for a single ORF2, which would include ORF2a and ORF2b of bilbol, in the putatively active elements of the bilbo family. These two ORFs were probably generated after a deletion of 2 bp. In the first place, the sequence of DsFl12 presents the 2 bp deleted in bilbol, and this clone shows a continuous reading frame in this region. Eight different sequences obtained by PCR from D. subobscuru also show continuous reading frames (data not shown). Moreover, it would necessitate an uncommon + 1 frameshift to generate the putative RT domain where the deletion is located. Finally, the conjunction of ORF2a and ORF2b generates a single 0RF2 similar in structure to that of I factor. Thus, henceforth, we will refer to the second and third ORFs (ORF2a and ORF2b) of bilbol as bilbol-ORF2.
We analyzed bilbol-0RF2 and those of DsFl12 generating a multiple alignment using PILEUP In this alignment, we included ORFs encoding for RT from all sequenced Drosophila non-LTR retrotransposons and LlHs. This alignment showed several regions of conserved aa. First, we found the EN domain in bilbol. This domain is located at the beginning of the elements and about 270 aa preceding the RT domain in all Drosophila non-LTR retrotransposons except R2Dm (fig. 5A ). This is the first time that the EN domain has been described for the LOA element. Second, DsFl12 and bilbol have a region showing sequence similarities to RT. Both sequences have the seven conserved regions of aa founded in other retroelements (Xiong and Eickbush 1990) . Moreover, like in the RT of non-LTR retrotransposons there is another conserved region between the second and the third of the retroelements (Xiong and Eickbush 1988). A consensus of this region shows higher similarity of bilbol to TRIM and LOA (data not shown). Third, the RNase H in bilbol is found 170 aa after the RT ( fig. 5B ). This is the first time that RNase H has been described for the LOA element. Finally, in bilbol-0RF2, 84 aa after RNase H, we found two putative zincfinger motifs, one of them similar to that found in other non-LTR elements with the structure CX&Xr,HX,C; the other one has a CX6CX9HXSH structure (fig. 5C ). The latter is also found, almost complete, in the TRIM element. Most elements in figure 5C conserve the two histidines.
The bilbol 3' UTR does not present a canonical polyadenylation signal and, like other Drosophila elements (Rl, LOA, TRIM, and I), lacks a terminal poly(A) tract. bilbol ends in the sequence 5'-CCGCCTCA-ACCTAACCTAACCT-3' (the last thymine could be part of the duplication of the target site). In the TRIM element, the same sequence is found five bases before the duplication of its target site, with the exception of the seventh base, which is a T instead of a C. Thus, both elements end in a series of TAACC or AACCT repeats.
Evolution of Drosophila Non-LTR Retrotransposons
We performed an alignment with the RT sequences of non-LTR retrotransposons of Drosophila. In the elements bilbol and TRIM, we generated a single sequence by frameshift, if necessary. To this alignment we manually added the sequence of HIV-l RT as it appears in Xiong and Eickbush (1990) . With this alignment, we made a dendrogram with the neighbor-joining (NJ) method ( fig. 6 ). The topologies of trees obtained using UPGMA (Sneath and Sokal 1973) and NJ were similar (data not shown). The HIV-l sequence was used to root the tree of the non-LTR retrotransposons.
There is a consistent relationship between the structures of Drosophila elements and their positions in the tree. Most of the elements from the branch of jockey (Dot, F, G, jockey, and BS, which we have named 'tjockey-like" elements) have only the EN and RT in their ORF2, whereas those of the bilbo branch plus the I factor ("I factor-like" elements: LOA, TRIM, bilbol, and the I factor) have EN (except TRIM, which could be a truncated copy), RT, RNase H, and zinc-finger motifs. In addition, jockey-like elements have a poly(A) tail, while I-factor-like elements end in direct repeats, (TAA), for I and LOA and (TAACC), for TRIM and bilbol. The remaining elements of the tree, TART-B 1, RlDm, and R2Dm, not included in these two groups, have specialized features as large UTRs or specific insertion sites for their retrotransposition.
Discussion bilbo Elements
bilbo is a new TE with the features of non-LTR retrotransposons.
There is a major subpopulation of bilbo elements that have some internal restriction fragments in common. These fragments are shown as high hybridization signals in figure 1A . bilbol and DsFl12 belong to this major subpopulation, but whereas bilbol might be a defective full-length element, DsFl12 seems to be a truncated copy. As homologous sequences to DsFl12 were present in all D. subobscura strains analyzed and in all species studied in the obscura group (unpublished data), this family was probably present in the common ancestor to these Drosophila species.
In some Drosophila non-LTR elements, a promoter sequence is located around position 30 of the 5' UTR. Unfortunately, the promoters of LOA and TRIM, the elements more similar to bilbo, have not been characterized.
The sequence data of the bilbol element alone are insufficient to propose a possible promoter region. bilbo-ORFl and -0RF2 are similar in size and position to the ORFs of other non-LTR retrotransposons (Arkhipova, Lyubomirskaya, and Il- 
yin 1995). Proteins encoded by retroviral ORFl have
We interpret that both bilbol-ORF2a and -0RF2b the ability to bind RNA. The predicted protein for should correspond to a single ORF2 in an active bilbo biZboI-ORFl contains neither zinc-finger motifs nor element. The structural similarity between the ORF2 other RNA-binding motifs (Burd and Dreyfuss 1994) . of the I factor and bilbol indicates that bilbol-0RF2 The product of LlHs-ORFl also lacks these motifs; can be the complete structure of the 0RF2 of the achowever, it forms a ribonucleoprotein complex with tive bilbo elements. Finally, bilbol, like other DroLlHs RNA (Hohjoh and Singer 1996) ; the same could sophila elements (R 1, LOA, TRIM, and I) or elements happen with bilbo elements.
A 2-bp deletion in the
results in two reading frames (ORF2a in other species (Burch, Davis, and Haas 1993; Teng, and ORF2b) . They overlap in the RT domain, which Wang, and Gabriel 1995), lacks a terminal poly(A) tract and allows us to question the poly(A) tract as a probably makes the biEbo1 copy a defective element.
general feature of non-LTR retrotransposons. 
Evolution of Drosophila Non-LTR Retrotransposons
According to the relationship observed between the phylogenetic tree and the structure of Drosophila non-LTR elements ( fig. 6 ), we put forward an hypothesis and an evolutionary pathway for non-LTR retrotransposons in this genus. We suggest the occurrence of an ancestral element, which would encode for an EN domain, an RNA-dependent DNA polymerase (RT) domain, an RNase H domain, and one or more nucleic-acid-binding motifs (zinc-fingers).
Furthermore, this element had no terminal poly(A) tracts but several nucleotide repeats. We base this hypothesis on the most parsimonious explanation for the location of I-factor-like elements in two different basal branches of the tree, whereas jockey-like elements (the classic example of non-LTR retrotransposons) are located in a single branch. Our hypothesis implies the conservation of a structure more similar to that of the ancestor elements in LOA, TRIM, bilbo, and the I factor. Furthermore, it implies the appearance of an element lacking RNase H and zinc-finger motifs, an ancestor ofjockey-like elements, and the evolution of specialized elements with unique features such as large UTRs (TART, HeT-A) or more specific endonucleases as in R2 (Luan et al. 1993 ) and, possibly, Rl . Our hypothesis depends on an early divergence of the I factor from the remaining elements. Other published phylogenetic trees (Xiong and Eickbush 1990; Eickbush 1992; Burch, Davis, and Haas 1993; Burke, Muller, and Eickbush 1995) , in which TRIM and LOA were not included, show the differentiation of the I factor from jockey-like elements. Following our hypothesis, a loss of the 3 ' region could have generated an ancestor of the jockey-like group. This ancestral element could have undergone a rapid evolutionary radiation in the primitive host and given origin to the now existing elements of this group.
A model of the transposition mechanism of non-LTR retrotransposons should be able to explain and integrate the features of I-factor-like elements (including bilbo): RNase H activity (although this activity needs to be experimentally confirmed), zinc-finger function in the C-terminal region of ORF2, and the origin or role of final repeats in these elements.
Here, we have described a new non-LTR retrotransposon family in D. subobscura. We propose a structurally complex ancestral non-LTR retrotransposon in Drosophila which evolved mainly through loss of different domains but whose origin is unknown. The phylogenetic and structural analysis of the remaining non-LTR retrotransposons would be a test for the validity of this hypothesis and whether this ancestral element can be generalized to the whole group of non-LTR elements. This view of non-LTR retrotransposons helps to partially clarify the evolution of retrosequences (Xiong and Eickbush 1990; McClure 1991) , but it also poses new questions about the evolution of non-LTR retrotransposons and their transposition mechanisms.
